Abstract: Numerous studies have indicated that oxidative stress contributes to the development and progression of diabetes and other related complications. Since the ubiquitin-proteasome pathway is involved in degradation of oxidized proteins, it is to be expected that alterations in proteasomedependent proteolysis accompany diabetes. This paper focuses on the role of the proteasome in alloxaninduced experimental diabetes. The changes in proteasomal activity and oxidative stress indices (protein oxidation and lipid peroxidation) were evaluated. The obtained results revealed increased protein oxidation and lipid peroxidation, as well as alterations in proteasomal activities in diabetic rats. Our data indicates a significant decrease in chymotryptic-like activity; increased tryptic-like activity; and unchanged post-glutamyl peptide hydrolytic-like activity. These findings suggest the presence of oxidative stress in diabetes that appears to result in changes to the ubiquitin-proteasome pathway.
Introduction
Proteasomes are non-lysosomal, multicatalytic proteinase complexes present in a range of organisms from bacteria to mammals [1] . They are located in both the cytoplasm and nucleoplasm [2] and account for up to 1 % of total cellular protein. A proteasome is a cylindrical 20S complex [3, 4] , and in contrast to lysosomes, proteasomes deal primarily with endogenous proteins such as transcription factors, cyclins, proteins that are encoded by failure genes, incorrect or misfolded proteins or those damaged by other cytosolic molecules. Although the 20S proteasome is described as a complex with multiple peptidase activities, five specific activities have been defined [5, 6] : a chymotryptic-like (ChT-L) activity, a tryptic-like (T-L) activity, a post-glutamyl peptide hydrolytic-like (PGPH) activity, an activity which cleaves the peptide bond after branched-chain amino acids (BrAAP activity), an activity, which cleaves the peptide bond after small neutral amino acids (SNAAP activity). The best-characterized of these peptidase activities are the ChT-L, T-L and PGPH.
The 20S proteasome catalyzes the hydrolysis of peptides and larger proteins in an ATP-independent fashion. This form of proteasome can associate with two regulatory complexes, forming the 26S proteasome, which acts in concert with ubiquitin to form the ubiquitin-proteasome system (UPS). As a principal mechanism for protein catabolism in the cytosol and nucleus of mammals, UPS is involved in almost all cellular processes. These include proliferation, differentiation, cell cycling, apoptosis [7] , immune response and inflammation [8] . Therefore, it is not unexpected that a significant number of human diseases has been directly or indirectly associated with abnormalities in the UPS.
Diabetes mellitus is a chronic, progressive disease determined by environmental and genetic factors. Numerous studies indicate that oxidative stress contributes to the development and progression of diabetes and other related complications. Since UPS is involved in the degradation of oxidized proteins it may be expected that alterations in proteasome-dependent proteolysis can accompany diabetes. In diabetes there are multiple sources of oxidative stress, including both enzymatic and non-enzymatic pathways. For examples hyperglycemia may cause a huge production of free radicals, generated in direct glucose auto-oxidation [9] . In addition non-enzymatic and progressive glycation of proteins leads to the development of Amadori products, followed by formation of advanced glycation end-products, both of which generate ROS are at multiple stages [10] . The enzymatic sources of oxidant species, and subsequent oxidative stress, include the activation of NAD(P)H oxidases [11] , nitric oxide synthase [12] , and xanthine oxidase [13] .
Toxic, reactive oxygen-derived free radicals play a crucial role in diabetes [14] . They are able to attack all cellular macromolecules -including lipids, proteins, DNA, carbohydrates. The oxidative attack of proteins can covalently modify amino acid residues, leading to a variety of products [15] . Introduction of carbonyl groups, such as aldehydes and ketones, into amino acid structures is a frequent consequence of protein oxidation. Therefore, carbonyl groups are commonly accepted as an oxidative modification marker [15] . In vitro data demonstrates that lipid peroxidation, but not glycation, leads to carbonyl modification in proteins [16] . Since lipid peroxidation is increased in diabetes, this should result in an increase in protein carbonyl oxidative damage. On the other hand, it has been shown that mild oxidation of proteins increases their susceptibility to proteolysis by proteasomes. In contrast, severe oxidative stress diminishes intracellular proteolysis, probably by generating heavily injured cell proteins (e.g. cross-linked/aggregated proteins) that cannot be easily degraded, and also by damaging proteasomes [17, 18] .
Thus the aim of the presented study was to evaluate changes in lipid peroxidation, protein carbonyl contents and proteasomal activity (in particular T-L, ChT-L and PGPH activity) in rats with alloxan-induced diabetes.
Materials and methods

Materials
Alloxan was purchased from Fluka Chemie GmbH (Germany). Suc-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-AMC), N-t-Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin (LSTR-AMC), N-Cbz-Leu-Leu-Glu-β-naphthylamide (LLE-NA), 7-amino-4-methylcoumarin, β-naphthylamide and the proteasome inhibitor MG-132 (N-Cbz-Leu-LeuLeucinal) were all purchased from Sigma-Aldrich Chemie GmbH (Germany).
Animals
Male Wistar rats, weighing 180-200 g, were randomly divided in two groups: control and alloxan-treated (n=6, for each group). The animals were housed in an air-conditioned room at 22
• C and fed standard rat chow and water ad libitum. In the experimental group, each rat was injected with a single dose of alloxan (120 mg/kg bw intraperitoneal), while the control animals received ip saline. After 7 days the rats were fasted overnight and then used in the experiments described herein. All measurements were done in triplicate, the total number of the animals used being 36.
All experiments were performed in accordance with the "Principles of laboratory animal care" (NIH publication No. 85-23, revised 1985), and the rules of the Ethics Committee of the Institute of Physiology, Bulgarian Academy of Sciences (registration FWA 00003059 by the US Department of Health and Human Services).
Experimental procedures
In rats under light ether anaesthesia, the left heart ventricle was punctured, blood was taken with a heparinized syringe and centrifuged for 10 min at 3000 rpm to obtain blood plasma.
Plasma glucose content was measured by the Glucose-PAP enzymatic-colorimetric method (ABX Diagnostics, France) and was expressed in mg/dl. Only rats with more than 200 mg/dl glucose were further used in the study.
Liver perfused with cooled 0.15M KCl was used to obtain a 10 %-homogenate in 0.15M KCl. This was centrifuged for 10 min at 600 g to obtain a "post-nuclear" homogenate. A further portion was centrifuged at 100 000 g to obtain a cytosolic fraction.
Analytical methods
Protein content was measured by the method of Lowry et al. [19] .
Lipid peroxidation (LPO) was determined by the amount of thio-barbituric acid reactive substances (TBARS) formed in fresh liver homogenates after a 60-min incubation at 37
• [20] . The A 600 was considered to be a nonspecific baseline and was subtracted from A 532 . The values were expressed in nmoles malondialdehyde (MDA) per mg protein, using a molar extinction coefficient of 1.56 × 10
Protein carbonyl was quantified by reaction with 2,4-dinitrophenylhydrazine (2,4-DNPH), according to Whitekus et al. [21] , with some modifications. 0.5-ml samples (1 mg/ml) were incubated with 1.5 ml 10 mM 2.4-DNPH (in 2M HCl) at room temperature for 1 h. After addition of 1 ml 40 % TCA the samples were centrifuged for 3 min at 11 000 g. The pellets were washed 3-times with ethanol-ethyl (1:1 v/v) and dissolved in 6M guanidine (in 20 mM potassium phosphate buffer, pH 2.3, adjusted with HCl). The absorbance at 366 nm was measured and the carbonyl content was expressed in nmoles carbonyl/mg protein, using a molar extinction coefficient of 2.2 ×
Peptidase activity of proteasomes was measured fluorimetrically according to Bulteau et al. [22] using a Perkin-Elmer MPF-44B fluorimeter. Assays were performed in the presence (20 μM) and absence of the proteasome inhibitor MG-132 (N-Cbz-Leu-LeuLeucinal). Any difference established was attributed to proteasome activity. Cytosolic liver fractions were assayed for T-like activity, ChT-like activity and PGPH activity using the fluorogenic peptides LSTR-AMC, LLVY-AMC and LLE-NA respectively. Fluorescence of the leaving group 4-amino-methyl-coumarin for LLVY-AMC and LSTR-AMC was measured at 365 nm (excitation) and 465 nm (emission). Fluorescence of the leaving group β-Naphtylamine for LLE-NA was measured at 335 nm (excitation) and 410 nm (emission). Values were expressed in fluorescent units (FU) per mg protein.
Statistic analysis
The results were statistically analyzed by one-way ANOVA (with Dunnett post-test) with p < 0.05 being accepted as the minimum level of statistical significance.
Results
7 days after alloxan treatment, the plasma glucose in the experimental group was increased 3-fold, in comparison with the control group, 255±19.2 mg/dl vs. 82.0±2.7 mg/dl respectively.
In liver homogenates of rats with alloxan-induced diabetes the markers of lipid peroxidation (TBARS) and protein oxidation (carbonyl content) were increased as shown in Fig. 1 .
Analysis of the degradation of proteasome substrates LLVY-AMC, LSTR-AMC and LLE-NA, respectively, indicates a significantly decreased ChT-L activity, increased T-L activity and unchanged PGPH activity (Fig. 2) . 
Discussion
It has been proposed that proteasomes play an important biological role [23] , such as forming a secondary antioxidant defense system or destroying oxidised proteins that are potentially cytotoxic [24] . It has been shown that the extent of oxidative stress has a varying effect on proteasome activity [25] . Oxidative stress and oxidative tissue-damage are the common end-point of a variety of diseases, including diabetes. Results from a variety of studies have shown that diabetes mellitus may alter proteasome activity, however this data is often controversial. Merforth et al. [26] found a reduction in overall proteasome activity in the muscle extracts of rats with streptozotocin-diabetes. However according to other authors, diabetic rats have higher rates of proteolysis when compared with non-diabetic rats [27, 28] as a result of hypoinsulinemia-induced activation of UPS. In contrast to Runnels et al. [29] , Hayasi and Faustman [30] revealed the presence of a specific proteasome defect in non-obese, diabetic mice. In the present study the relationship between diabetes-induced oxidative stress and proteasomal activity was examined in alloxan-treated rats. We found an increase of TBRS and protein carbonyls in the rat liver. Our data suports the finding of Rhee et al. [31] who have found increased TBARS and carbonyl content in Streptozotocin-induced diabetic rats. Jang et al. [32] also detected significantly increased levels of MDA and carbonyls in liver, kidney and pancreatic mitochondria in streptozotocin-treated rats.
In other tissue preparations, alterations in protein and lipid status have also been detected. Altomare et al. [33] noted an increased formation of protein-bound free sulfydryls and carbonyl proteins in the eyes of diabetic patients. Significant increases in both lipid peroxidation and protein carbonyl content confirm the occurrence of oxidative damage in the intestinal mucosa of diabetic rats [34] .
It is known that increased LPO can lead to a rise in protein oxidative damage, and the production of toxic and reactive aldehyde metabolites; with MDA and 4-hydroxy-2-nonenal (HNE) being the most important. It has been shown that these metabolites are able to form covalent links with various molecules, including proteins [35] . The conversion of some amino acid residues to carbonyl derivatives has also been observed [36] . Mammalian cells have limited direct repair mechanisms, and most oxidized proteins undergo selective proteolysis, a process that is frequently mediated by the proteasome. In most cells oxidized proteins are degraded by the 20S proteasome in an ATP-and ubiquitin-independent pathway [24] . However, some studies indicate the involvement of both ATP/ubiquitin-independent and ATP/ubiquitin-stimulated pathways [37] .
Since it has been shown that the mild oxidation of proteins increases their susceptibility to proteolysis by proteasomes [17] , we measured T-L, ChT-L and PGPH proteasomal activity in alloxan-induced diabetes. Our results indicate a significantly decreased ChT-L activity, increased T-L activity and unchanged PGPH activity. These findings suggested increased protein oxidative damage and alterations in the cytosolic proteolytic pathways in this experimental model of diabetes. Analysis of proteasome substrate (LLVY-MCA) degradation, Portero-Otin et al. [38] also reported a significantly decreased chymotryptyc activity in both the liver and kidney of diabetic rats. The loss of proteasome activities could be partially ascribed to lipid peroxidation end-products [39] , suggesting impairment of ubiquitin-proteasome proteolysis by accumulation of oxidatively modified proteins.
In addition, UPS is involed not only in the destruction of oxidatively-modified proteins, but also in the degradation of regulatory proteins, enzymes and transcription factors. A recent study involving the inappropriate degradation of insulin signalling molecules in experimental diabetes suggested that altered UPS might be one of the molecular mechanisms of insulin resistance [40] . Kawaguchi et al. [41] have shown that UPS plays an essential role in the normal regulation of insulin secretion.
The present study revealed increased TBARS and protein carbonyls in the liver of alloxan-diabetic rat. Diverse changes in ChT-L, T-L and PGPH proteasome activities were also found. The obtained results could give no definite answer as to whether the established changes in proteolytic activity were a direct consequence of developing oxidative stress or a result of other diabetes-related metabolic alterations. Assigning a definite role for proteaseme activities in the genesis and progression of diabetes and its complications, is worthy of future investigations.
